We introduce a new framework to study the non-Newtonian behaviour of fluids at the microscale based on the analysis of front advancement. We apply this methodology to study the non-linear rheology of blood in microchannels. We carry out experiments in which the non-linear viscosity of blood samples is quantified at different haematocrits and ages. Under these conditions, blood exhibits a power-law dependence on the shear rate. In order to analyse our experimental data, we put forward a scaling theory which allows us to define an adhesion scaling number. This theory yields a scaling behaviour of the viscosity expressed as a function of the adhesion capillary number. By applying this scaling theory to samples of different ages, we are able to quantify how the characteristic adhesion energy varies as time progresses. This connection between microscopic and mesoscopic properties allows us to estimate quantitatively the change in the cell-cell adhesion energies as the sample ages.
Introduction
The non-linear microrheology of several types of complex fluids has attracted a great deal of attention in recent times, [1] [2] [3] particularly regarding the properties of a number of complex biological fluids. [4] [5] [6] [7] [8] [9] In spite of a wealth of studies regarding the physical characterisation of blood, [10] [11] [12] [13] the characterisation of its microrheological properties is a much more open field of study. The non-linear rheological properties of blood are mainly determined by the presence of red blood cells (RBCs) suspended in plasma. [14] [15] [16] [17] Some haematological pathologies have been associated with blood rheological properties such as viscosity, as for example the hyperviscosity syndrome, which is a set of symptoms triggered by an increase in blood viscosity, 18 resulting in vascular occlusion, 19 particularly in the microcirculation. These symptoms are observed in sickle cell anemia due to loss of deformability of red blood cells. 20 It has been observed that severe malaria also produces the symptoms associated with hyperviscosity syndrome. 21, 22 Based on this concept, new avenues have opened for the diagnosis of haematological pathologies based on the analysis of the microrheological properties of blood.
Advances in experimental approaches to the rheological properties of blood are starting to be complemented by quantitative modelling, both theoretical and computational. A number of studies have focused on the role of red blood cell (RBC) elasticity. [23] [24] [25] [26] [27] [28] [29] [30] Further to the role of RBC elasticity, Fedosov et al. 14 analysed the role of RBC aggregation in blood rheology which has emerged as a fundamental ingredient to understand the non-Newtonian behaviour of blood. In this paper, we present the experimental results and develop a theoretical framework which allows us to further explore the role of RBC aggregation in the non-linear rheology of blood. We have carried out experiments at the microscale using a device aimed to track the dynamics of blood in microchannels. Working at that scale our setup has two main advantages. First, micro-fabrication allows for improved control of the fluid-flow conditions at a very low cost and using microliter-sized blood samples. [31] [32] [33] Second, our microfluidic device allows us to directly track the advancement of the air-blood interface using an optical microscope.
Our main contribution is to develop a scaling theory of the non-linear viscosity which allows us to account for the effects of aging on the aggregation of RBCs. To this end, we define an adhesion scaling number and obtain a scaling behaviour whereby the viscosity exhibits a power-law dependence on the capillary number. The adhesion number represents how the characteristic energy of aggregation between RBCs varies as age progresses. This framework provides a new methodology to characterise the rheology of non-Newtonian fluids based on the dynamics of the fluid-air interface. We dub this new concept front microrheology. In order to achieve this, we characterise a hydrodynamic regime in which the fluid-air interface moves at constant velocity. This regime is different from the usual approach (Washburn regime) in which the front velocity is a decreasing function of time. The analysis presented in this paper is a generalisation to non-Newtonian fluids of the one presented in ref. 34 . In particular, we define a new quantity associated with this non-Washburn regime, the front shear rate, which allows us to characterise the non-linear rheology of non-Newtonian fluids.
Experimental set-up and measurements
Our experimental setup (see Fig. 1 ) is designed such that we can characterise the non-linear rheology of blood through the advancement of the blood-air interface. The position of the advancing interface, h(t), is recorded by means of an inverted microscope Optika XDS-3 with an objective of magnitude 4Â. The images are recorded using a high speed camera Photron Fastcam Viewer 3 with a capture frame rate between 60 and 125 frames per second. The position uncertainty is determined by the size of the pixel. In our case, it is dh = 7.2 mm over a 5 mm measured distance. A constant pressure drop is imposed by using a container located at a height H with respect to the position of the microchannel. This container is connected to the microsystem by a microtube of a biocompatible material with a uniform internal circular cross-section of radius r = 0.127 mm and length l t = 0.430 m. The microsystem is a rectangular microchannel of height b = 350 mm, width w = 1 mm, and length l c = 4 cm. The cross-section of our tube and the hydraulic diameter of the microchannel, D h = 0.52 AE 0.02 mm, are both typical of large arterioles and venules. The typical magnitude of the flow rate, Q, in our experiments is Q = 6 ml min À1 . This flow rate is of the same order of magnitude as the one measured in capillaries. 35 Within this experimental set-up, the wall shear rate of the tube, defined as _ g ¼ 4Q pr 3 , varies within the range from 4.69 to 131.90 s À1 . The microchannel is molded in a biocompatible hydrophobic silicone, PDMS (polydimethylsiloxane), on a glass substrate according to replica moulding and soft lithography microfabrication methods. 34, 36 The bottom surface of the microchannel is made of glass and the top and lateral surfaces are made of PDMS. In our experiments, we use human blood of varying ages (defined as the time elapsed since extraction) and haematocrits (the volume fraction occupied by the RBCs).
Blood samples were obtained from anonymous donors randomly selected. Blood samples for our experiments were delivered by the blood bank of the Hematology Department of the Clinical Hospital of Barcelona, in 10 or 5 ml tubes with a heparin based anticoagulant. The use of these samples was authorised by the Bioethics Committee of the University of Barcelona. In order to preserve the state of the samples they were stored in a refrigerator at 4 1C. Before any intervention, the samples were placed under an extraction hood to acquire room temperature, between 21 AE 1 1C. For each blood sample, we performed 2 different measurements, on each occasion we carried out 5 repetitions at each different pressure value.
The results obtained using the setup shown in Fig. 1 are summarised in Fig. 2 , where we show how the front velocity, : h, varies as the effective pressure changes. The effective pressure is defined as rgH À P L , where r is the blood density and P L is the capillary pressure. We have calculated the capillary pressure based on the experimental determination of the contact angle, y, from the images of the advancing front using the well-known formula:
;
(1) Plot showing the dependence of the pressure on the mean front velocity for blood at different haematocrit values (48% and 25%) and for different post-extraction times. We observe that, in the case of whole blood (48% haematocrit), two regimes are present: n I 0.70 for small velocities (dotted lines) and n I 1 (dashed line) for larger velocities. Blood at 25% haematocrit is observed to be Newtonian in the whole range of measured velocities, regardless of the age of the sample (2 or 6 days). For comparison, we add the results for plasma.
where g is the surface tension: g = 0.061 N m À1 . The contact angle has been found to vary between y = 64 and y = 77 degrees. Based on these experimental results, the range for the capillary pressure P L is between 166 and 195 Pa. The error associated with the hydrostatic pressure is given as a function of the uncertainty of the height of the fluid column, dH = 0.001 mm. Considering the hydrostatic pressure, P = rgH, where the blood density, r, has been taken as 1050 kg m À3 , the relative error of pressure ranges from dP = 15.16 Pa to dP = 49.39 Pa. As shown in Fig. 2 , the effective pressure exhibits a power-law dependence on : h, with the precise slope and location of the curve being dependent on the haematocrit and the age of the sample. Interestingly, for blood at 48% haematocrit, regardless of the age of the sample, our experiments display two regimes: one at low velocity with n I 0.70, and another at higher velocity with n I 1, in the same fashion as plasma alone (see Table 1 ). By contrast, blood with a reduced haematocrit (25%) has n I 1 in the whole range and regardless of the age of the sample. This suggests that aging effects may be strongly dependent on the haematocrit.
Mathematical model
In order to rationalise the set of experiments presented above, we need to formulate a model which allows us to derive the expression of viscosity as a function of the setup parameters. In particular, we consider non-Newtonian fluids with power-law behaviour, i.e.
where _ gðzÞ ¼ @v x @z is the shear rate, n is a constant which depends on the fluid and m depends on n. In the special case n = 1, the fluid is Newtonian and m is, directly, the viscosity of the fluid (so, only in that case, it has units of Pa s). Although power-law models are only accurate for intermediate shear rates, 37 Fig. 2 shows that it may accurately capture our working regime. Using eqn (2), we can use the Navier-Stokes equation to derive a non-Newtonian Darcy equation associated with the advancement of the fluid front:
Zð_ gðzÞÞ_ gðzÞ ð Þ¼ DP hðtÞ
where we have neglected the inertial and transient effects as we operate at very low Reynolds numbers, Re = : hD h r/Z, which we estimate from our experimental results to vary between Re = 0.00109 and Re = 0.0632, and we assume that the fluid adapts almost instantaneously to changes in the front location. In eqn (3), DP = rgH À DP t À P L , with P L being the capillary pressure and DP t the pressure drop across the inlet tube (see Fig. 1 ). Integrating eqn (3) we obtain:
By integrating this expression and imposing a non-slip boundary at z = AEb/2, we obtain v x (z). We further define the flow rate, Q, as:
from which we can derive the average front velocity, :
Exploiting the relation between Q and
: h, we derive an equation for the dependence of DP on : h:
Using the same procedure for the inlet tube in cylindrical coordinates, we obtain an explicit expression for DP t in terms of the average flow velocity within the tube, v t . Flow conservation across the whole tube-microchannel system, bw : h = pr 2 v t , allows us to couple both fluid systems to obtain a global expression which relates the front velocity with the pressure drop: 
Under the conditions of our experimental setup, the second term in the denominator of eqn (7) is much smaller than the first term at all t, i.e. the resistance in the microchannel is much smaller than in the tube. Note that our results are not independent of the microchannel since the validity of our constant velocity regime depends on the geometrical parameters of both the microchannel and the inlet microtube. If these assumptions hold, : h is a constant and we obtain a relation between rgH and : h given by:
eqn (8) allows us to define a rescaled pressure, s, and the shear rate, _ g F (n), associated with the advancement of the front: The quantity _ g F , which we refer to as the front shear rate, is central to our analysis, as it allows a characterisation of the non-linear rheology in terms of the average front velocity, as opposed to the local definition of the shear rate, commonly used in other approaches. We can now define a viscosity associated with the dependence of the rescaled pressure, s, on the shear rate: s = Z(_ g F )_ g F = m_ g n F , where Z(_ g F ) is given by:
4 Results
Non-linear rheology
Following eqn (7) we determine under which experimental conditions we can consider that the advancement of the fluid front occurs at constant velocity. Such conditions are given in terms of the geometry of our setup and we make sure that they are fulfilled during our experiments. Furthermore, we can measure the velocity of the front as a function of the pressure drop. We then simply change the pressure drop by changing the height of the reservoir, H. In Fig. 3 , we show how the blood viscosity varies as the shear rate, _ g F (n), changes. These results are associated with the ones shown in Fig. 2 . We observe that our experimental results fit within our power-law ansatz eqn (10) . The values of the parameters m and n are given in Table 1 . Although our results for the variation of viscosity as the front shear rate changes extend over one order of magnitude only, we note that our set-up allows for an extension of this range by merely changing the gap of the microchannel, b, as shown in eqn (9) . The values obtained for viscosity, within the studied range of front shear rate, are very similar to those obtained by Cockelet et al. 10 
Scaling theory of aging effects
We start our analysis by addressing the effects of aging on blood viscosity. Fig. 4(a) and (b) show that, as the sample ages, RBCs organise themselves into structures called rouleaux.
Simulation results reported in ref. 14 have shown that the aggregation of RBCs into such structures affects the rheological properties of blood. Our experimental results ( Fig. 4(a) and (b)) show that rouleaux appear due to aging of the samples, whereby we put forward that aging also affects blood viscosity.
To analyse the effects of aging, we fix the value of the haematocrit and study the behaviour of the blood sample as it ages. We introduce a new, non-linear scaling parameter, the adhesion scaling number, A, which quantifies the effects of aging on RBC aggregation. This quantity is defined as:
where Z 0 is the viscosity of plasma, E is the energy scale associated with the aggregation energy between RBCs, 14 which Fig. 3 Plot showing how the viscosity of blood varies as a function of the front shear rate, _ g F , for samples of different ages. We observe that as the sample ages, its viscosity increases. These results are associated with the experiments shown in Fig. 2 . They have been obtained by using eqn (9) and (10) . Fig. 4 (a) and (b) Photographs of the same sample at 5 days and 1 day obtained using a microscope OPTIKA XDS-3 with an objective of magnitude 100Â. We observe that, as the sample ages, erythrocytes aggregate into structures known as rouleaux. Our scaling theory addresses the effects of aging-induced aggregation on blood viscosity. depends on the exponent n, the age of the sample, a, and a reference value of RBC aggregation, E 0 , which has been estimated to be of the order of 500 k B T. 14 d is the average diameter of a red blood cell. A can be interpreted as the ratio between the characteristic viscous energy scale and the aggregation energy.
Our scaling ansatz claims that the viscosity, Z, depends on the adhesion scaling number, A, alone:
where m eff (H hem ) is a factor that accounts for the dependence of the normalised viscosity on the haematocrit, H hem . Furthermore, our ansatz also states that E(n, a, E 0 ) = k a E 0 , where the dimensionless scaling factor k a is a function of the exponent n and a. This scaling factor k a accounts for the relative increase in the adhesion energy when the blood ages. Such an increase in the adhesion energy is reflected in the observation that rouleaux are more likely to form in older blood samples (see Fig. 4 (a) and (b)) The scaling factor is obtained by collapsing the curves for experimental data regarding the variation of the viscosity as the shear rate changes. Fig. 5 shows the results for two different haematocrit values. These results show that our scaling ansatz can accurately account for the variation of viscosity with age. In particular, we observe that at lower values of the adhesion number, A, the effects of aging are more important than at higher values of A (see Fig. 5 , 48% haematocrit sample). This behaviour is associated with the formation of rouleaux at low A (see Fig. 4(a) and (b) ). We have also analysed a different sample with a lower haematocrit (see Fig. 5 , 38% haematocrit sample), for which we only studied the larger A regime, in which we also find aging effects. The corresponding value of k a is very similar in both samples for the same range of values of the adhesion number A, which shows that our assumption that k a depends only on age and n holds (see Table 1 ).
One could argue that the effects of varying the temperature could be important. We consider that changing the temperature would impact only the adhesion energy scale in eqn (10) and the viscosity of plasma, Z 0 . However, since the estimated adhesion energy scale is 500 k B T, i.e. orders of magnitude higher than the thermal energy, we posit that the effects of temperature of RBC adhesion are likely to be negligible, and, therefore, the scaling behaviour described in this work should be robust to temperature changes. That is not to say that absolute values of viscosity will stay unchanged.
Discussion and conclusions
In this paper, we propose a new microrheological theory based on two fundamental points. First, we characterise a hydrodynamic regime in which the fluid-air interface moves at constant velocity. This regime is different from the usual approach in which the front velocity is a decreasing function of time. We then proceed to derive the appropriate physical description of the process within this regime. The former is achieved by using eqn (7) . The usual setup, from which Washburn's regime is obtained, involves neglecting the first term in the denominator, thus yielding a system where the front moves at a time-dependent speed. By contrast, our set-up operates within the regime where the first term in the denominator is the dominant one. By neglecting the part inducing timedependence, we arrive at eqn (8) which allows us to define the new quantities associated with this particular regime: the front shear rate, _ g F , and the re-scaled pressure, s. Finally, we define the viscosity as a function of the front shear rate as per eqn (10) .
We have shown that variations in the non-linear viscosity of blood associated with aging can be explained by means of a scaling theory based on the introduction of an adhesion scaling number (eqn (11) ). This quantity is defined as the ratio between the viscous energy and the aggregation energy. Our scaling theory allows us to quantify the increase in aggregation energy by aging with respect to its reference characteristic scale, E 0 , by providing an estimation of the fold increase in E 0 , k a . Note that further to its dependence on age, k a is also a function of the shear rate. This reflects the fact that, at low shear rates, RBC aggregates are more likely to form. We further show that the viscosity exhibits a Fig. 5 Plots showing how the normalised viscosity, Z/Z 0 , follows a universal curve as the adhesion scaling number (eqn (11)) changes. Panel (b) shows that this universal curve is well-described by a power-law in agreement with eqn (12) .
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power-law behaviour over almost two orders of magnitude as a function of the scaling parameter A. We observe that blood exhibits a non-Newtonian behaviour at large haematocrits, which, at the shear rate scales of our experiments, is associated with aggregation of RBCs. These results allow us to better characterise the non-linear microrheological behaviour of blood. The strength of our approach comes from the use of a front microrheometer that allows us to extract bulk non-linear viscosities from the simple observation of a moving air-fluid interface. This framework allows us to develop a non-linear microrheometer.
